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Abstract 
Purpose - Thermo-magnetic convection and heat transfer of paramagnetic fluid placed in a 
micro-gravity condition (g  0) and under a uniform vertical gradient magnetic field in an open 
square cavity with three cold sidewalls have been studied numerically.  
Design/methodology/approach - This magnetic force is proportional to the magnetic 
susceptibility and the gradient of the square of the magnetic induction. The magnetic 
susceptibility is inversely proportional to the absolute temperature based on Curie’s law. 
Thermal convection of a paramagnetic fluid can therefore take place even in zero-gravity 
environment as a direct consequence of temperature differences occurring within the fluid due to 
a constant internal heat generation placed within a magnetic field gradient.  
Findings - Effects of magnetic Rayleigh number, Ra, Prandtl number, Pr, and paramagnetic 
fluid parameter, m, on the flow pattern and isotherms as well as on the heat absorption are 
presented graphically. It is found that the heat transfer rate is suppressed in increased of the 
magnetic Rayleigh number and the paramagnetic fluid parameter for the present investigation. 
Originality/value - It is possible to control the buoyancy force by using the super conducting 
magnet. To the best knowledge of the author no literature related to magnetic convection for this 
configuration is available.  
Keywords: Heat generation; MHD; Paramagnetic fluid; Thermo-magnetic convection; 
Microgravity. 
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Nomenclature 
b magnetic induction 
pC  Molar specific heat at constant pressure 
g Acceleration due to gravity  
H length of the cavity 
k thermal conductivity 
m Magnetic parameter  
Nu  Average heat absorption  
Nu Local heat absorption  
P Non-dimensional fluid pressure 
p Fluid pressure 
Pr Prandtl number 
Ra Rayleigh number 
s rate of volumetric heat generation 
T Dimensional temperature  
T0 ,Tc Source and boundary temperatures 
t Dimensional time 
U0 Reference velocity 
u, v Dimensional velocity components 
U, V Non dimensional velocity components  
x, y Dimensional coordinates axis  
X, Y Non dimensional coordinates axis 
Greek  Symbols 
 Thermal diffusivity  
β Coefficient of volume expansion  
 strength of the magnetic forcing 
0 reference volume magnetic susceptibility 
ρ Density of fluid 
ν Kinematic viscosity 
m magnetic permeability 
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θ Non dimensional temperature 
 Dimensionless time 
 
 
1 Introduction 
 
Natural convection in a gravitational field is presented everywhere in nature. The main 
importance of studying natural convection are in the field of oceanography, geophysics, 
meteorology, astrophysics, energy systems, material science, etc.. Extensive studies using 
analytical, experimental and numerical methods are available in the literature. In particular, the 
study of the transient flow behaviour in the cavity is of fundamental interest in fluid mechanics 
and practical applications. The classical example is the differentially heated cavity. The fluid 
close to the heated wall undergoes motion as a result of heat being transferred from the wall into 
the fluid. It is noted that the hot fluid reduces its density and rises relative to the ambient colder 
fluid.  
 For natural convection the driving force is usually the density difference due to 
temperature difference between two fluid zones. However, if the fluid itself is subject to a 
magnetic field, it will experience a magnetic force, which depends on the magnetic 
susceptibility. This susceptibility varies with temperature and the magnetic forces, rather than 
buoyancy, drive convection flow even though there is no gravity acting on the system. 
Braithwaite et al. (1991) showed that from the superconducting magnets the strong magnetic 
fields could be used to induce magnetic convection in normal paramagnetic fluids. The authors 
also experimentally showed that the magnetic field could enhance or suppress the gravitational 
convection in a solution of gadolinium nitrate in a shallow layer heated from below and cooled 
from above. Because of the availability of the superconducting magnet, it might be a hot topic to 
be investigated. The benefits might be to manage the heat transfer or to control microstructure in 
crystal growth.  
 The effect of a gradient magnetic field with a four-pole electric magnet is studied by  
Kaneda et al. (2002). The authors applied the magnetizing force to air in a cube heated from 
above and cooled from below where other four vertical walls are thermally insulated. The 
numerical simulation was carried out by deriving a simple model equation for the magnetizing 
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force. They observed that the conduction was stable in absence of the magnetic field. However, 
in presence of the magnetizing force a strong downward flow occurred from the centre of the top 
heated plate towards the bottom cold plate, opposing the gravitational buoyancy force. The 
authors also confirmed their numerically obtained results by flow visualization experiment using 
hot incense smoke in the enclosure. Tagawa et al. (2002, 2003) derived a model equation for 
magnetic convection using a method similar to the Boussinesq approximation using both air and 
water. The numerical simulations revealed many interesting results for both differentially heated 
cubic cavity and the Rayleigh Benard convection in the shallow cylinder. Both  numerical and 
experimental investigations have been conducted by Bednarz et al. (2005, 2006, 2009, 2010). 
The authors have shown how to enhance or suppress heat transfer by placing the magnet at 
various positions of the enclosure.  
 On the other hand, the study related to heat absorption or rejection in the confined 
rectangular enclosures has been well discussed in the literature (Chandrasekhar 1961, Davis 
1967, Cotton 1972, Ostrach 1988, Hossain and Wilson 2002). However, a comparatively little 
attention has been given to the case for open rectangular cavities. The reason might be the 
complexity that arises in the application of the boundary conditions at the open end (Roache 
1982, Hsu and Hong 2006, Dogan et al. 2009, Acharya and Goldstein 1985). The cases of 
shallow open and open rectangular cavities considered by Chan and Tien (1985). The authors 
concluded that the flow pattern was throughout unicellular is drawn subject to the adiabatic 
conditions imposed on horizontal walls. Angirasa et al. (1992, 1995) performed numerical 
simulations for transient and steady laminar buoyancy-driven flows and heat transfer in a square 
cavity open on one side. Computations were carried out within the domain of the cavity. The 
authors used ADI scheme to solve the governing equations and a successive over relaxation 
method was employed to obtain solutions for the stream function. They conclude that natural 
convection in the cavity does not depend on the computational domain or on the boundary 
conditions at the open side, which influence only a small region nearby. 
Hossain and Rees (2005) studied buoyancy and thermo-capillary driven flow with 
consideration of magnetic field and internal heat generation in a rectangular enclosure. If the 
flow pattern in an open cavity is independent of aspect ratio as in the case of Chan and Tien 
(1985), the open square cavity can be considered as a reasonable approximation to study the 
motion of liquid melts in the core of earth.  
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 In this study the magnetic convection in presence of internal heat generation in an open 
square cavity has been considered. It is found that for a microgravity condition the thermal 
convection of a paramagnetic fluid may occur as a direct consequence of temperature differences 
occurring within the fluid due to a constant internal heat generation placed within a magnetic 
field gradient. Effects of magnetic Rayleigh number, Ra, Prandtl number, Pr, and paramagnetic 
fluid parameter, m, on the flow pattern and isotherms as well as on the heat absorption are 
presented.  
 
2 Mathematical Formulation 
 Under consideration is the transient behaviour of two-dimensional natural convection 
flow resulting from internal heat generation of a motionless, viscous incompressible, Newtonian 
fluid in the absence of gravity but in the presence of a magnetic field, which is shown in Fig. 1. 
The length of the square cavity is H and the right boundary is open. The temperature of three 
sidewalls is isothermally maintained at Tc. The fluid inside the cavity is supposed to have a 
uniform heat source at temperature T0 at t = 0 (where T0 > Tc). Except right boundary all other 
boundaries are nonslip. It is also assumed that the flow is laminar. The fluid is assumed to be 
subject to a uniform, vertical gradient magnetic field. We further assume that this fluid has 
constant properties except that the variation of its density with temperature follows the 
Boussinesq approximation. The uniform heat source inside the cavity generates heat and 
increases the temperature of the fluid which changes the magnetic susceptibility of the 
paramagnetic fluid, resulting in a magnetic buoyancy force within the fluid. A list of mass and 
volumetric susceptibilities of some common paramagnetic materials measured at room 
temperature is shown in Table 1. In the presence of a magnetic field this magnetic buoyancy 
force acts as the driving force for the resultant magnetic convection. The problem is now similar 
to the gravitational natural convection flow in a square cavity.  
>>>> Figure 1 <<<<< 
The development of the flow in a square cavity is governed by the following two-dimensional 
Navier–Stokes and energy equation with the Boussinesq approximation: 
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All variables and parameters are defined in the nomenclature. The details derivation of the 
buoyancy term of (3) can be found in the work of Braithwaite et al (1991), Bednarz et al. (2009).  
The boundary conditions imposed on the flow field are given by 
t < 0 u = v = 0, T = Tc                    0  y  H 0  x  H 
(5) 
t  0 y = 0, H
 
u = v = 0, T = Tc 0  x  H 
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The normalized form of the governing equations (1)-(4) are as follows  
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Where X, Y, U, V, , P and  are the dimensionless forms of x, y, u, v, T, p and t respectively. 
These variables are made dimensionless by using their respective characteristic scales, i.e.   
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where U0 =  (Ra)
1/2
/H and Prandtl number and Rayleigh number are defined respectively as  
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and the strength of the magnetic force and the dimensionless momentum parameter for 
paramagnetic fluid are defined respectively as 
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Here, note that if only micro-gravity magneto-thermal convection conditions are considered (g  
0), then Ra becomes zero and  becomes infinity. However, the product of Ra and  is finite, 
which will be nominated as the appropriate parameter to characterise the magnetic effect [5], 
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The local Nusselt number along the bottom, top and left walls are defined respectively by the 
relation 
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where X is the coordinate normal to the left and Y is the coordinate normal to the top and bottom 
solid walls. Moreover, the average Nusselt number along the solid walls are given by the 
expression 
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3. Numerical scheme and grid and time step dependence tests 
Equations (6) - (9) are solved along with the initial and boundary conditions using the 
SIMPLE scheme. The Finite Volume method has been chosen to discretize the governing 
equations, with the QUICK scheme (see Leonard and Mokhtari 1990) approximating the 
advection term. The diffusion terms are discretized using central-differencing with second order 
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accurate. A second order implicit time-marching scheme has also been used for the unsteady 
term. 
 Three non-uniform grid sizes, 50×50, 100×100 and 150×150 with coarser grids in the 
core and finer grids concentrated in the proximity of three walls (except open end) were  
constructed for grid dependence tests. The maximum temperature inside the enclosure has been 
calculated at the steady state time and compared with different grid sizes and time steps. The 
maximum error among those results have been found to be 0.26%. This means that either grid 
system is able to capture the flow development and the heat transfer into this system In 
consideration of the computing time, the grid system of 100×100 is adopted in this study.  
 In addition to the grid and time dependent tests, the author has also revisited the work of 
Saleem et al. (2011) to check the accuracy of the computational scheme used here. The author 
considered the natural convection flow in an open rectangular cavity whose three solid walls 
were isothermally maintained at a temperature θ = 0 in the absence of MHD effects using the 
ADI method together with successive over relaxation method (SOR). The results in terms of 
streamlines and isotherms thus obtained for Pr = 0.7, Gr = 10
4
 with the open-boundary 
conditions of Angirasa et al. (1992) are depicted in Fig. 3. Thus, at t = 12, the value of ψ given 
by Angirasa et al. (1992) was 9.244 × 10
−3
, whereas the value of ψ obtained by present scheme is 
9.597 × 10
−3
. It is found that the difference between these two results is 3.53 × 10
−4
. From this 
figure it is assertained that the results are agreeing with that of Angirasa et al. (1992) 
qualitatively. It should further be mentioned that the authors of this article did not have the 
opportunity to compare or check the validity of these results due to unavailability of any 
experimental/ theoretical data related to this problem in the literature. Thus, to the authors’ 
knowledge, this work will be a basic study of the flow phenomenon for convection-dominated 
flows under such thermal boundary conditions. 
 
4  Results and discussion 
    
In this study we have performed transient natural convection flow of a viscous incompressible 
paramagnetic fluid confined in an isothermally cold open cavity, induced by uniform internal 
heat source and strong magnetic field. Numerical solution of the partial differential equations 
that govern the flow, represented by equations (6) – (9) together with boundary conditions given 
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by equation (5), have been obtained using the method discussed above.  The results are presented 
graphically in terms of streamlines and isotherms as well as heat transfer and temperature and 
velocity profiles.  
 
>>>> Figure 2 <<<<< 
 
Figigure 2 shows the isotherms and streamlines at the steady state situation for different values 
of magnetic Rayleigh number, Ra while Pr = 0.71 and m = 4. It is seen in the isotherms that the 
hot air, whose magnetic susceptibility is relatively smaller, passes the path where the magnetic 
field is the weakest  (interior of the cavity) and reaches the cold walls.  On the other hand, the 
cold air, whose magnetic susceptibility relatively higher, passes the portion where the magnetic 
field is the strongest (near three solid walls) and returns to the interior. This characteristic is 
strong with increase in Magnetic Rayleigh number, Ra. This is totally different from that of the 
gravitational natural convection (see Saha et al. 2010a,b,c). This characteristic is due to the 
magnetic buoyancy force, which attracts the cold air (larger magnetic susceptibility) more 
strongly than the hot air (smaller magnetic susceptibility). Hot air which is generated due to 
internal heat generation is repelled by the strong magnetic field. Then the repelled hot air is 
gathered near the upper part of the container and pushed away from there to the outside of the 
cavity through the open end. Since the heat generates continuously into the enclosure, there 
exists a continuous fluid motion into the enclosure which can be seen in the stream lines.  
 
>>>> Figure 3 <<<<< 
 
 From the streamlines of Fig. 2, it is observed that there developed a coupled vortices 
inside the enclosure. The cell along the solid walls rotates in counterclock wise direction. We 
may term it as the primary vortex and the right cell is opened towards the open end and may be 
called seconcondary cell. Even though the magnetic parameter is increased, it does not alter the 
flow pattern. The flow remains bi-cellular in this case considered here. When the magnetic 
Rayleigh number increases the thermal boundary layer shrinks and concentrate near the cold 
solid walls due to the strong magnetic convection. The maximum temperature inside the 
enclosure also decreases in increase of Ra. Because, the hot fluid repelled by the strong 
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magnetic field and pushed out from the enclosure through the open end as the magnetic Rayleigh 
number increases. Also, in the streamlines, the primary cell reduces its size and shifts to the left 
wall as the Rayleigh number increases. The secondary clockwise cell eventually dominates the 
flow field for the higher values of Rayleigh number.         
 The isotherms and streamlines for different values of momentum parameter for 
paramagnetic fluids, m has been plotted in Fig. 3. Similar to the effect of magnetic Rayleigh 
number, the maximum temperature inside the enclosure reduces with increase of the parameter, 
m. The thermal boundary layer thicknesses adjacent to three solid walls also shrink due to the 
increase of m.  Moreover, when the momentum parameter increases the primary cell in the 
stream lines shifts towards the left solid wall.     
 
>>>> Figure 4 <<<<< 
 
Figure 4 shows the maximum temperature recorded inside the enclosure for different magnetic 
parameter, m for each of Ra = 104, 105 and 106. It is revealed that the temperature inside the 
enclosure decreases with increase of magnetic Rayleigh number. This characteristic is due to the 
magnetic buoyancy force, which attracts the cold air and repels the hot air by the strong magnetic 
field. Then the repelled hot air which is being generated due to internal heat generation has no 
other choice but to push out from the interior to the outside of the cavity through the open end. 
This is a continuous process as the heat is generating due to presence of the heat source inside 
the enclosure. The more heat is generated, the more hot fluid will be discharged from the 
enclosure due to strong magnetic field effect.  
 
>>>> Figure 5 <<<<< 
 
Figure 5 represents the temperature and velocity profiles along the line X = 0.5. In Fig. 5(a) and 
(b) the variation of magnetic parameter, m has been shown for the fixed values of Ra = 105 and 
Pr = 0.71. Since the upper and the lower surfaces are cold and the interior is heated due to 
internal heat generation the profiles have zero values near two ends. However, the temperature 
increases in the interior for cases considered here. We see that the highest temperature is near the 
top wall of the cavity. This hot air is repelled by the magnetic field and moves away from the 
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enclosure. It is also seen from the temperature profiles that in increase of magnetic parameter the 
temperature decreases. This is due to the fact that for more magnetising force the repulsion of the 
hot fluid is larger. That means more heated fluid goes out from the container through the open 
end. The horizontal velocity profiles are depicted in Fig. 5(b) for the same parameters as of Fig. 
5(a). A double layer structure of the profiles are seen for all parameters considered here. From 
this figure one can see that the velocity near the bottom is negative. That proves that the fluid 
enters into the enclosure through the bottom end of the open side. The opposite scenario can be 
seen on the top where the velocities are positive which indicates that the fluid exits through the 
top end of the open side. The same features of the fluid flow and the temperature are seen for the 
variation of magnetic Rayleigh number, Ra (Fig 5c, d, e). The interesting scenario is seen for 
the velocity profiles in Fig. 5(f) where the variations of the Prandtl number are shown. As the 
Prandtl number decreases the primary cell becomes larger (which can be seen in the streamlines 
that is not shown here). Note that the direction of the circulation of the primary cell is counter-
clockwise. For Pr = 0.71 and 0.5 the line, x = 0.5 does not cross the primary cell rather secondary 
cell whose circulation direction is clockwise. That's why the direction of the velocities of the 
bottom layer are positive. However, for the rest of the Prandtl numbers (0.71, 0.5 and 0.1) the 
line, x = 0.5 crosses the primary cell..       
 
>>>> Figure 6 <<<<< 
 
As discussed above, since cold solid walls absorb heat from the fluid, we measure this heat 
transfer by local heat absorption rate as (14) and (15). The time series of the average heat 
absorption rate as a form of Nusselt number for different magnetic Rayleigh number, Ra has 
been shown in Fig. 6. The Nusselt number has been calculated on three cold walls of the cavity. 
It is revealed that the heat absorption increases with time initially for all values of magnetic 
Rayleigh numbers. When the flow becomes steady the heat transfer becomes constant. For lower 
values of Rayleigh number the heat transfer rate is higher which is opposite to that of gravitation 
force. The more hot fluid discharges from the enclosure if the magnetic force increases, the heat 
transfer therefore reduces. It is also seen that the fluid near the bottom wall is comparatively 
stable and becomes steady quickly. However, it takes longer time for the heat transfer on the left 
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and the top walls to be steady state. For higher values of Rayleigh number the steady state time is 
longer which is also opposite to the gravitation force case.        
 
>>>> Figure 7 <<<<< 
 
Figure 7 shows the local heat transfer through three walls for different values of magnetic 
Rayleigh number, Ra while Pr = 0.71 and m = 4. Since the two ends of cold left wall are joined 
with two horizontal cold walls, there is very small heat transfer near corner. As it is seen before 
the heat transfer rate decreases for all three walls with increase of magnetic Rayleigh number. In 
Fig. 7(a) the Nusselt number is calculated on the cold bottom wall. It is seen that the heat transfer 
rate is higher in the middle section of the wall. This heat transfer rate decreases near the open 
end of the enclosure. In Fig. 7. (b), Nusselt number is zero at two ends of the left wall. However, 
the maximum heat transfer can be seen in the middle portion. On the top wall the heat transfer 
rate is higher at the right end of the wall where it meets the open side of the cavity. This has to 
happen as the heated fluid from the interior of enclosure exits through the top end of the open 
side of the cavity.             
 
>>>> Figure 8 <<<<< 
 
The average Nusselt number on three cold walls for different magnetic parameters, m against 
magnetic Rayleigh number are depicted in Fig. 8. It is seen that the rate of heat transfer decreases 
with increase of Rayleigh numbers on all three walls. It is expected as the increase of magnetic 
Rayleigh numbers actually repels the hot fluid away from the enclosure. Therefore, the gradient 
of the temperature on the solid walls decreases which the opposite of the buoyancy driven 
follows. This magnetic force ultimately depress the heat transfer through the walls. The variation 
of the heat transfer can be seen lower in the bottom wall (Fig. 8b) as it is near the most stable 
region of the cavity.  
 
Conclusions 
A numerical simulation has been carried out for the thermo-magnetic convection in an open 
square cavity. The enclosure with three cold solid walls containing paramagnetic fluid has been 
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placed in a micro-gravity condition (g  0). The thermal convection of a paramagnetic fluid can 
therefore take place even in the zero-gravity environments as a direct consequence of 
temperature differences occurring within the fluid due to a constant internal heat generation 
placed within a magnetic field gradient. Effects of magnetic Rayleigh number, Ra, Prandtl 
number, Pr, and paramagnetic fluid parameter, m, on the flow pattern and isotherms as well as on 
the heat absorption are presented graphically.  
 The suppression of convection is effectively presented with the application of a strong 
magnetic field. It is noted that by using a strong magnetic field we can also enhance or reverse 
the usual gravitational convection with different combinations of the two main body forces, 
gravitational and magnetic buoyancy forces that act together to drive thermo-magnetic 
convection of paramagnetic fluids. It is found that the heated air repelled from the enclosure 
through the open side as the magnetic buoyancy force attracts the cold air more strongly than the 
hot air. Hot air which is generated due to internal heat generation. Then the repelled hot air is 
gathered in a place of the container and pushed out from the interior to the outside of the cavity. 
The heat transfer rate is suppressed in increased of the magnetic Rayleigh number and the 
paramagnetic fluid parameter for the present investigation.  
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Figure Captions 
Fig. 1: Schematic of the geometry and the coordinate system  
Fig. 2: Temperature contours (left) and stream traces (right) for different values of Ra (a-b) Ra 
= 10
3
, (c-d) Ra = 104, (e-f) Ra = 105, (g-h) Ra = 106 with fixed values of m = 4 and Pr = 0.71. 
Fig. 3: Temperature contours (left) and stream traces (right) for different values of magnetic 
parameter (a-b) m = 4.0, (c-d) m = 6.0 (e-f) m = 10.0 (g-h) m = 20.0 with fixed values of Ra = 
10
5
, Pr = 0.71. 
Fig. 4: Maximum temperature recorded inside the enclosure for different values of m of three 
different Rayleigh numbers with fixed value of Pr = 0.71. 
Fig. 5. Temperature profiles (a, c, e) and horizontal velocity profiles along the line X = 0.5 (b, d, 
f)    
Fig. 6: Average heat absorption rate against time at (a) bottom, (b) left,  (c) top solid walls for 
different values of Ra where Pr = 0.71 and m=4. 
Fig. 7: Local heat absorption coefficient through the solid walls of (a) bottom, (b) left and (c) top 
for different values of Ra where Pr =0.71 and m=4. 
 
Fig. 8: Average heat absorption coefficient against Ra on (a) bottom, (b) left and (c) top solid 
walls for different values of m where Pr =0.71. 
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Table 1 
Magnetic susceptibilities of several paramagnetic materials at the room temperature (Bednarz et 
al. 2009, CRC Handbook 2010) 
Material 
Volumetric susceptibility 
0[-](×10
-6
) 
Mass susceptibility 
[m3/kg](×10-8) 
Oxygen (gas O2) 1.772 135.447 
Sodium (Na) 8.483 0.875 
Aluminium (Al) 20.749 0.768 
Tungsten (W) 69.920 0.362 
Niobium (Nb) 239.982 2.813 
Uranium (U) 412.417 2.216 
 
 
19 
 
 
 
Fig. 1: Schematic of the geometry and the coordinate system 
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Fig. 2: Temperature contours (left) and stream traces (right) for different values of Ra (a-b) Ra 
= 10
3
, (c-d) Ra = 104, (e-f) Ra = 105, (g-h) Ra = 106 with fixed values of m = 4 and Pr = 0.71. 
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Fig. 3: Temperature contours (left) and stream traces (right) for different values of magnetic 
parameter (a-b) m = 4.0, (c-d) m = 6.0 (e-f) m = 10.0 (g-h) m = 20.0 with fixed values of Ra = 
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10
5
, Pr = 0.71. 
 
 
 
Fig. 4: Maximum temperature recorded inside the enclosure for different values of m of three 
different Rayleigh numbers with fixed value of Pr = 0.71. 
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Fig. 5. Temperature profiles (a, c, e) and horizontal velocity profiles along the line X = 0.5 (b, d, 
f)    
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Fig. 6: Average heat absorption rate against 
time at (a) bottom, (b) left,  (c) top solid walls 
for different values of Ra where Pr = 0.71 and 
m=4. 
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Fig. 7: Local heat absorption coefficient 
through the solid walls of (a) bottom, (b) left 
and (c) top for different values of Ra where 
Pr =0.71 and m=4. 
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Fig. 8: Average heat absorption coefficient 
against Ra on (a) bottom, (b) left and (c) top 
solid walls for different values of m where Pr 
=0.71. 
 
 
 
 
